OBJECTIVES The objective of this study was to determine which strain component assessed by 2-dimensional speckle-tracking echocardiography (2DSTE) and 3-dimensional speckle-tracking echocardiography (3DSTE) was the most powerful predictor for future major adverse cardiac events (MACE) in asymptomatic patients with severe aortic stenosis (AS).
. Subendocardial fibrosis caused by increased mechanical stress imposed by AS itself is observed, even in normal LVEF (7) . Moreover, LVEF is not a sensitive marker for detecting subclinical LV dysfunction (8) . Therefore, a more sophisticated approach to evaluating LV mechanics is mandatory for selecting high-risk asymptomatic patients with severe AS and preserved patients who should undergo early surgical intervention. Among several proposed echocardiographic parameters for predicting adverse outcomes, global longitudinal strain (GLS) assessed by 2-dimensional (2D) speckle-tracking analysis can provide useful prognostic information (9-11).
However, 2D strain measurements have the inherent limitation of losing speckles from out-of-plane cardiac motion (12) . Three-dimensional speckle-tracking echocardiography (3DSTE), on the other hand, has the capability to overcome these drawbacks (13, 14) .
However, it has not been determined which directions of strain components measured by 3DSTE are the best predictors of future prognosis in this subset of patients. Accordingly, we aimed to investigate the impairment of multidirectional strain components using 3DSTE in asymptomatic patients with severe AS and preserved ejection fraction and to elucidate which strain assessed by both 2-dimensional speckle-tracking echocardiography (2DSTE) and 3DSTE is the more robust predictor of future major adverse cardiac events (MACE) in these patients.
METHODS STUDY SUBJECTS.
We enrolled patients with AS who underwent transthoracic 3-dimensional (3D) echocardiography from 3 cardiovascular institutions. The inclusion criteria in this study were patients with severe AS defined as indexed aortic valve area (iAVA) <0. 6 
2D speckle-tracking analysis was performed using vendor-independent 2D speckle-tracking software (2D Cardiac Performance Analysis, TomTec Imaging Systems, Unterschleissheim, Germany). Radial and circumferential strains were determined by endocardial tracing in the 3 levels of short-axis views.
Longitudinal strain was measured by manual tracing of the endocardial border in the 3 apical views. After speckle-tracking analysis of the LV endocardium on a frame-by-frame basis during 1 cardiac cycle, the software provides regional strain curves of 6 segments (4 segments in the apical short-axis view) in each view, from which the peak regional strain value was determined. Global strain was defined as the peak strain value from the averaged strain curve that was generated from 16 an experienced investigator ( Figure 1) . After importing 3D full-volume datasets, the apical 4-chamber, 2-chamber, and long-axis views and 3 short-axis views at end-diastole were automatically extracted. circumferential strain (GCS) and global 3-dimensional strain (G3DS) between the 2 patients. 3D ¼ 3-dimensional.
Nagata et al. Nagata et al. Tables 1 and 2 . The majority of patients had some cardiovascular risk factors. Values are mean AE SD (range) or n (%).
BP ¼ blood pressure. parameters (Figure 3) , and the AUC of 3DGLS was significantly larger than that of iAVA, LVEF, LV mass index, and maximal LA volume index. ROC analysis revealed a 3DGLS cutoff value of À14.5% had a sensitivity of 76% and a specificity of 77% for predicting future MACE. Corresponding analysis showed that a 3DGRS cutoff value of 39.0% had a sensitivity of 82% and a specificity of 44% for MACE. A 2DGLS cutoff value of À17.0% had a sensitivity of 85% and a specificity of 48% for predicting future MACE. Cox proportional hazards models. To avoid problems of colinearity and overfitting the data, the LV mass index and mean PG were selected from the parameters regarding AS severity, and each strain parameter was evaluated in separate models ( Table 4) . Multivariate analysis revealed that only 3DGLS remained statistically significant as a predictor of future MACE.
Because the median value of the mean PG was 35 mm Hg, more than one-half of patients had a mean PG <40 mm Hg. To determine the prognostic value of 2DGLS/3DGLS and 3DGRS regarding the status of the mean PG, we divided patients into 2 groups according to the well-established cutoff value of the mean PG, where a low PG AS is <40 mm Hg and a high PG is $40 mm Hg (18) . Both 2DGLS and 3DGLS were significant predictors of future MACE in both groups of patients with high or low PG severe AS. 3DGRS was a significant predictor of MACE in a group of patients with a low PG AS ( Figure 5 ). These results showed that both 2DGLS and 3DGLS manifested a significant incremental power over the mean PG for predicting future cardiovascular events. Values are mean AE SD or n (%).
MACE ¼ major adverse cardiac event(s); other abbreviations as in Table 2 .
Nagata et al. other abbreviations as in Figure 3 . tomatic severe AS showed a 1-year event rate ranging from 20% to 43% (5, 6, 19) . Although the occurrence of sudden death without preceding symptoms is uncommon, sudden death presented in w1% to 6% of asymptomatic severe AS patients annually (6, 20) .
Various studies had sought to identify high-risk patients in this group using echocardiographic parameters, cardiac magnetic resonance-determined myocardial fibrosis, and certain biomarkers such as brain natriuretic peptide (19) . Among them, 2D strain analysis has emerged to show potential for both quantifying LV mechanics and providing prognostic information (8, 9, (21) (22) (23) PRESENT STUDY. The 1-year event rate was 28%, which was in agreement with previous studies (5, 6, 19 We identified several univariate echocardiographic variables including iAVA, peak velocity, mean PG, valvuloarterial impedance, stroke volume index, LV mass index, maximal LA volume index, 2DGLS, 3DGLS, and 3DGRS, which were significantly associated with MACE (p < 0.1). The prognostic value of all these parameters except 3DGLS and 3DGRS was already reported (4, 9, 19) . We found that 3DGLS and 3DGRS were useful to identify high-risk patients for future MACE.
ROC analysis revealed that 3DGLS has a significantly larger AUC for predicting MACE compared with 2DGLS 
CONCLUSIONS
In asymptomatic patients with severe AS and preserved LVEF, multivariate analysis revealed that 3DGLS was a powerful independent predictor of future MACE. After ROC and subgroup analysis, we concluded that 3DGLS is the most robust index for predicting future adverse cardiac events in asymptomatic severe AS patients with preserved LV function.
